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ittespaper docuiments the process by which a data structure for 
a Computer-Aided-Design system was selected and implemented ona 
medium scale computer. Included is a survey of the types of structures 
Surrentiy Used in ©,.A.D. applications and a discussion of their capabil- 


ites and resource requirements. 
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foe CL RODUC TION 


The mctamorphosis of a computer with graphic input-output 
capability into a general computer-aided design system is dependent 
primarily upon the development of a scheme for modeling the problems 
to be solvecad. Such a model, or data structure, must be capable of 
both creating the display file for graphical representation of the 
problem, and presenting the application »rograms with data in a use- 
ale fori. 

Terms that will be used to discuss data structures are: 

ieeeoimbeer- the machine address of a Data Cell; 

2) Data Item - one or more machine words containing data; 

3) Data Cell - a contiguous block of memory containing 

Data Items; 

4) Low Level Data Structure - a modeling scheme in which the 
Miecehaniaias der construction of the structure are defined by 
the user; 

5) Pre-defined Data Structure - a modeling scheme in which 
if@emmeemanisias 101 Construction of the structurn are 
pre-defined, 

The selection of the data structure to be incorporated within a 


CAD system is at best a complex process. No established procedure 





exists by which firm conclusions can be drawn about the advantages 
and disadvantages of the various modeling sciGmes a vetie ges 

The simplest structure with which to build a problem model is 
One in which the structure is pre-defined (i.e., a high level structure). 
Ileetime pre-ceiined Structure the data structure language is used to 
describe and manipulate the ordering of cells within a fixed structure. 
The ease of use is achieved by sacrificing flexibility. Not all probleras 
@waiee ciitcientiy modeled by a fixed structure, hence selection of 
iimomsiulicwme 1s de tlacto a decision to reduce the systems capability 
in certain design problem areas. 

Somewhat greater flexibility is provided by the low level data 
Prucimnes sin these only the data cells and the method of expressing 
relationships between them are pre-defined. The associated language 
eeemlecerm@enmccr to bulld from these cells, using the prescribed 
relational mechanisms, structures of the various forms. ie [Ref. 1] 
iepemeexatmiple ol this type of structuring method. Within limits the 
Weeomomcapawlc oO: tailoring the structure to more closely ions ere bla 
M-CUemOrstm@e suivoblerm to be solved. 

On a lower level still are the generalized data structures such 
as AED [Ref. 2] which have the capability to model any problem that 
CamvecmOnimalizea, Ihe power of these modeling schemes arises 
from the ability of the user to define both the data cell and the methods 
for expressing relationships between them. Using a variety of tech- 


Mice csiecemiash coding, dictionary lookup, stacks, rings, etc. }, 





Weucrineswolr any type and degree of complexity can be constructed. 
By careful analysis of the design problem, a structure can be built 
which provides an optimized model. Whena CAD system is expected 
to be applied to a greatly diverse problem set, the implementation of 
a generalized structure is virtually mandatory. Unfortunately the 
necessity to define the structure and all the relationships within that 
structure before work can progress towards solution of the problem 
places a large additional burden on the system user. 

@oimpurcer-aidedad design systems have, in general, been econ 
on computers with large main memories. The selection of which 
philosophy of structure (pre-defined or jseneralized) and which specific 
structure [7 inetiat philosophy to implement on such a computer may 
be based primarily on the nature of the problems to which the system 
is to be applied and the skill of the users. When large amounts of 
main memory are not available, as in the case of medium sized 
computers, then the selection of data structure may be strongly 
influenced by the computer resources available. 

The choice of a structure to be used by a medium sized computer 
should incorporate the best possible trade off between efficiency of 
memory utilization and processor time while placing as few restric- 
tions as possible on the size and complexity of the models to be 
created. 

The purpose of this paper is to document the process by whicha 


data structure was selected and implemented on a medium sized 





Sempurer wit imelligent graphic terminals. The particular cquip- 
Pacnemavoived im the iimplementation was an XDS-9300 with AGT-10 
graphic terminals. While many of the specifics of the implementation 
Pa@emmiagchine dependent the criteria of selection and general techniques 
of implementation have application to other equipments of similar 


capability. 





tee eon A DATA STRUCTURE 


There exists a variety of data structures which either have been 
developed expressly for use in computer-aided-design systems or lend 
Piemiselves to that application. All, in general, share the property o£ 
explicitly defined relationships between data items on both a com- 
monality and hierarchical basis. Gray [Ref. 3] noted that additionally 
CAD structures should be capable of dynamic growth and change as 
well as have the ability to be entered at any point within the structure. 
Although the form and mechanisms of such structures vary, most can 
be classified into distinctive groups. 

IMeminesteerotup is that of Set-Pheoretic data structures. Childs 
[Ref. 4] has developed a system by which data is stored contiguously 
without pointers. A block of pointers to the data items is created (the 
Beta block) each with a unique integer associated with it. A second 
block (the Eta block) contains sets of integers, each set then defining 
a relationship between data items. Mechanisms for defining sets and 
performing set operations complete the system and provide the capabil- 
ity of defining completely arbitrary relationships in any structure 
desired. Other systems based on set-theory operations have been 
developed and while offering great potential in CAD applications, have 


not achieved wide usage. This is possibly due to the difficulty in 





implementation of such a system and the relatively early stage of 
en ClODINeL tL. 

The second grouping of structure schemes contains those based 
on associative memory techniques, of which the LEAP data structure 
by Rovner and Feldman [Ref. 5] is perhaps the best example. LEAP 
@perates on triples, where the triple is an ordered set of three data 
femic- Al TRIBUTE, OBJECT, and VALUE. Retrievals are made on 
the basis of all three data items, any two or any single item. This is 
mecomiplicoded by rieans of three separat© structure spaces: pete 
space; Object space; and Value space, with a copy of the triple in each 
Space. Each triple is stored as a permutation in which the first data 
fee Corresponds to the name of the structure space. Within each 
structure space the permutation is stored at an address determined by 
hash-coding two of the three data items. Retrievals of the form 
eit Or (UNSPECIFIED) Is VALUE can be made by accessing 
PHeetterlbute structure space, hashing the attribute and value data 
ipemis together and retrieving the desired information from the result- 
iMerrddd coc lic ettribute structure space contains two registers 
Pasecomaimimce a Unique Al TRIBUTE value (e. g. "father"’) anda 
pointer to a chain of triples in the structure space with the same 
unique ATTRIBUTE. Inthis fashion retrievals of the form 
wow nO UNS PRCIMIED) Is (UNSPECIFIED) may be made. 


The Object and Value structure spaces contain similar registers. 





LEAP also contains provision for inserting data items into unordered 
toe feating rings of items with the same ATTRIBUTES, 

LEAP and similar systems, due to the duplication of storage, 
require large amounts of storage for relatively simple models, but in 
memeral olfer good search efficiency. 

The third general category of data siructures contains those based 
Sree COncept Of rings”. The large majority of structures which have 
found application in CAD systems are elements of this classification.. 
Included here are the structures developed with a view toward graphic 
applications, such as the rings of Sutherland's SKETCHPAD [Ref. 6], 
Sori, |Ref, 7], ASSOCIATIVE STRUCTURE PACKAGE (ASP) [Ref. 8], 
etc., as well as some of the more generzl list processing structures 
exemplified by SLIP [Ref. 9]. 

MRim@egestructures are characterized by a basic structure consisting 
Meine ceart which contains a pointer to the first data cell in the ring. 
MoeGmwecie points tothe next, and the last cell "points" back to the 
ring start. Rings may be two-way linked with both forward and back- 
Pace politeros i. data cell may be variable in length (i. e. contain 
a variable number of data items) and in general can be a member of 
mercethamone Hing. Mierarchy may be denoted by placing rings on 
mimes On rings, °etc. 

Ring structures may require less processor time for some 


operations than other structures since the addresses of data cells 
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Bm oulnedmiOon berricyval Or Structure manipulation operations are 
stored with the data cells rather than asananees The decrease in 
processor time is of course traded off against the increased storage 
Requirements. 

In examining the various structure groupings from the pre-defined 
vs. generalized standpoint a few conclusions can be drawn. Set the- 
Sete teciniques seem to offer the greatest potential for generalized 
Preuctures, oct theory can be considered a form of ''relational cal- 


eulus'' 


and provides a formalized method of defining and operating 
upon relationships. Childs! STDS would appear to satisfy all the 
Paceline nts Of a peneralized structure. Associative memories also 
appear to be fertile ground, particularly in hardware form as opposed 
to software simulated. LEAP, as Hamilton [Ref. 10] points out, also 
Pomiiicsecemeralized structural ability. Ring-based structures are as 
Meer otstiic pre-defined type. 

Poe Depteviously described as a generalized structure does not 
Pieredadiy Into any of the three groupings, See ennee because its 
Steuvcture lo so user defined. 

In the selection process ofa data structure for the medium scale 
computer, the first two groups were eliminated from consideration. 
The set-theoretic structures were discarded primarily due to the 
problem of constructing an ordering scheme for the sets of data items. 


A set theoretic data structure is dependent upon all sets being well 


ordered and that ordering being preserved under union. If all sets 


Wa 


are well ordered then set operations can be accomplished by a merge 
or binary search. Lacking well ordering of sets, the execution of set 
operations becomes inefficient and the system impractical. The user 
ofa set theoretic structure must define the well ordering relationships 
of the sets involved. Each set must have a unique linear representation 
which reflects the rank and preserves the order of its elements. The 
construct of a mechanism for such set representations which covers 

the wide range of data items operated upon ina CAD environment is a 
decidedly non-trivial problem. 

Associative memory structures were not seriously considered 
ieeeawse Of their rather excessive storage requirements. The LEAP 
structure's speed of operation is relatively independent of structure 
eizewdue in part to its efficient use of secondary storage. LEAP 
appears to offer great potential when dealing with very large problems, 
But on medium-sized computers the storage requirements of assoc- 
imebse techniques appear prohibitive. The XDS-9300 at N.P.S. is 
Sommcured with 32K of oes memory and approximately 250K avail- 
Poremiom Memiceron secondary storage. The present monitor system 
PooOtesmiomnanaomlaccess file capability hence secondary storage 
(drum) is organized sequentially. The already high processor over- 
head of associative techniques coupled with the large additional burden 
of paging in a sequential environment would appear to add strong 


further argument against implementing such a structure on the 9300. 


iz 





AED was not selected for two reasons. A large amount of soft- 
ware is associated with the implementation of AED. This software 
includes the AED Jr. language specifier, the AED Processor, and 
many system packages which provide the mechanisms for Paar OU 
Ptesstructures defined. This software, which must reside on secondary 
weeraee ii its Cntirety and 1n main memory in part (at execution time), 
effectively seduces the storage space available for structures and 
applications programs. This reduction becomes important when main 
memory is small as secondary storage will undoubtedly be required 
for overlay of large applications programs or for paging of large data 
puometures. ithe large software requirements of AED are, of course, 
melated directly to its generalized nature. The limited scope of the 
problems expected to be run on the 9300 did not appear to justify a 
generalized system. 

The second reason AED was removed from consideration was the 
difficulty of maintaining an interface between it and application pro- 
grams. As mentioned in the discussion on generalized structures the 
user is faced with the responsibility of completely defining the data 
structure used to model the problem. Application programs are, in 
a sense, partially defined by the data structure. For cach unique 
structure defined by the user a unique application program must be 
written to access that structure. This adds further to the already 


heavy burden this modeling system places on the user. 
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L® and other low level Simuctures were Clitminated irom con- 
sideration on the basis that the principle users (engineers) would 
Paore Cifectively be able to use the system if they were freed from 
the task of defining the data structure. The choice was thus narrowed 
meine Proup Of ring based structures. The structures in this group 
differed primarily in implementation, and the final selection was 
made on that basis. 

The selection of languages available on the N. P.S. XD5-9300 is 
limited to FORTRAN IV and assembly language. Any implementation 
of a data structure on this machine must be either embedded in 
mone RAN or iniplemented in the form of a high level data structure 
feeuaee Wit its associated processor. ‘The latter method requires 
the user to learn a new language in which to define his models. A 
fra strmctire languape gencrally does not have the computational 
Meveror ortran, and it would not be able to utilize the existing 
Eifel ol fortran application programs. Another factor is the prob- 
ability of a data structure language processor requiring more sec~- 
ondary storage than the macros or subprograms required to embed a 
Gita stracture in an existing high level language. For these reasons 
a structure compatable with Fortran was considered to offer the best 
MiiZation Or tne available resources. 

SLIP developed by J. Weizenbaum is a list processing system 
based on ring structures very similar in concept to the rings of 


So l@nesDeand CORAL, Weizenbaum refers to the rings as 
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fe yeaactric mists’. Although SLIP is language and machine independent 
mipcomeept, Weizenbaum S Original implementation was in Fortran, 

emcee. J describes if in that form. This demonstrable compatability 
with Fortran coupled with the resulting ease of use by 9300 users made 


feereasoOnabie choice for implementation. 
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rete viMENTATION OF SLIP 


Some basic definitions must be made in order to clearly describe. 
Weisenbaum!'s data structure system. The data cell contains two data 
items. The first contains three fields: the ID field; the LNKL (left 
link) field; and the LNKR (right link field. The function of the ID field 
as to provide storage for an integer which acts as a descriptor for the 
Seemwecll utilization. There are four utilization codes which are Sie. 
eusced below. The LNKL and LNKR fields contain pointers to the 
Mest leit and next right cells respectively in the ring. The second 
fetamiteim i the cell can be considered to contain pure data (1. e. 
mente peciiied) but may be suldivided into fields in the same manner 
as the first data item. Figure 1 illustrates the format of the SLIP 
cell. 

A ring oviginates with a HEADER cell. This cell carries an ID 
code of 2, the LNKL points to the last (left most from the standpoint 
of the HEADER) cell in the ring and the LNKR aot tortine tirst cell 
in the ring (See figure 2). The second data item in the HEADER con- 
Panoeiimeeceettclascemthne Ulol MARK field: the DESCRIPTION LIST 
Peri @R- andthe REPERENCE COUNTER. The LIST MARK field 
contains a user defined integer code allowing the user to eg 1S ies 
for any desired purpose. The DESCRIPTION LIST POINTER, when 


non-zero points to an attribute list which "describes" the list headed 
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Dy the HEADER. The REFERENCE COUNTER contains the number 
eeelists Of which the list headed by the HEADER is ‘ Sublist. This 
mumaber is important in the storage management process which is 
described below. 

A HEADER is referenced by its NAME, A NAME is a data item 
moyen tae iD code is zero and the LNKL and LNKR fields both con- 
faim pointers to the HEADER. A HEADER may have its NAME stored 
in many locations. The designations of these locations are known as 
ALIASES for the NAME of the HEADER. 

Mie ring structures of SLIP are accessed primarily by means of 
READER cells (See figure 3). A READER has an ID code of 3, the 
fei tela initially points to the HEADIER of the ring the READER 
is to ''read'', and the LNKR field is zero. Should the structure to be 
“ycad"' contain sub-rings, and it is desired to read the sub-rings, 
PoemagirH ADDER is appointed for cach sub-ring as encountered and the 
previous READER is pushed down on a READER stack. The LNKR 
field of the READER cell is used to maintain the chaining of the 
Pee w Wikectacc, tne LINK field of the READER is set to point to the 
it weet Onwecencad aiver cach 7ecad Operation, The second data item 
of the READER cell contains a zero in the first field, a pointer to the 
Pe eM won tne ving being read in the second field, anda LEVEL 
C2) Eee themnard field. The purpose of the pointer to the 
HEADER (which is not modified as the structure is read) is to enable 


tiem DEI ato be re-initialized without having to read the entire ring. 
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ine bE Vinl; COUNTER indicates the number of READER cells pushed 
flown on tae KEADER stack (1. e. how far down the current READER 
imnetie Hicrarchy of the structure). 

The SLIP structure is organized around the basic ring which con- 
firs Ol a HEADER followed by an arbitrary (including zero) number 
of ring cells. A null ring consists of a HEADER whose LNKL and 
lice ticlds point to the HEADER. The ring cells carry on ID code 
of 0 or land the LNKL and LNKR fields chain the ring cells together. 
mire second data iteim in the ring cells (henceforth referred to as 
DATUM) contains either information or a NAMI: as indicated by the 
Seleil code. A cell ID of 0 indicates the contents of the DATUM is 
data in user specified form. If the IDis 1, then the DATUM contains 
a NAME (points to a ring HEADER) and indicates that the ring with 
Giat WEADICR is a sub-ring. Note that a ring may be a sub-ring of 
Pete tiem one ring and in fact may be a sub-ring of itself. There is 
moemimit to ihe levels of hierarchy that can be defined. 

Since rather Bemorate and complex ring structures can be con- 
structed with SLIP, a sophisticated system of access is required. 
Weizenbaum has incorporated into SLIP a scheme by which the 
eaermncemetearea can be traversed in any order desired. This 
traversal is accomplished by means of the advance functions and 
teen celigs Advances are of two peneral types~-structural and 
lnne@ar, In the structural advances whenever a NAME is encountered 


as a DATUMa new READER is appointed, the old READER stacked, 
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mmartie advance Continued in the sub-ring pointed to by the NAME. 

The linear advance functions do not allow the advance operation to 
ascend or descend inthe structure hierarchy. Advances can be made 
either clockwise or counter-clockwise in the ring and with one of 
three termination criteria. Advances are specified to be on the basis 
of Word, NAME, or Element. An element is a data cell not containing 
a NAME, and a Word is the union of the classes NAME and Element. 
fee EIR cells are categorized separately and advances for a given 
Feve! ot hielarchy terminate on reaching a HEADER cell. The struc- 
tural advance "'pops"' the READER stack and continues the search on 
Bitemicsisiuaner bevel, If the termination criterion is Word, the linear 
morance Operation accesses the next data cell in the ring and returns 
mmeel7. TUM of that data cell if that cellis a Word (i. ec. nota HEADER). 
Pema tne UA tUM of the cell pointed to by the READER when the 
advance function is called contain a NAME, then the structural 
advance would return the DATUM of the first Data Cell of the ring 
Womved tony tne WiiNMh. in the case of a linear advance based on 

ie eeetne advance Continues cell by cell untila cell with ID code l 
ts)reached, At that point the advance halts and the NAME is returned 
Pave uncHoneveriucw Lie structural advance operates in the same 
fashion with the following exception. If the READER is pointing ata 
Data Cell containing a NAME when the advance function is called, then 


the ring pointed to by that NAME is accessed and the first NAME 
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encountcreda there is returned. An entirc structure may be travcrsed 
fea strmciiral advance on the basis of Word is called for and the 
eavance is initiated at hierarchy level zero. 

Storage management in SLIP is accomplished by means of main- 
taining a list of available storage (AVSL). The AVSL contains all 
unallocated data cells chained together in a one-way linked list. As 
cells are required they are allocated from the top of the list and when 
meiiewatesdcleted irom the structure they are returned to the bottom of 
Miewiast. Wien all referenccs to a ring have been deleted that ae is 
puso deletcd (permancnt rings can be created by the user which will 
not be automatically deleted if desired). This feature is made possible 
Peoarme hire RENCE COUNTER inthe ring HEADER. Each time a ccll 
is crcated whose DATUM contains a NAME, the REFERENCE COUNTER 
Seems ring 11h AIDER pointed to by the NAME is incremented. Whcn 
eemeciinis deletca the REFERENCE COUNTER is decremented. 
Pima tne scounter become zero, then the ring is returned to the list 
of available storage. 

SLIP provides the user with a full range of mechanisms for placing 
information on rings and manipulating those rings. Rings may be 
split or merged. Cells may be added or deleted at any point within 
Pie Mcmeoiremts Of any cell Imay be readily acccssed or altered. 
moreamiuiludeseripiion o1 thesc and the other mechanisms of SLIP, 


the attention of thc reader is invited to Ref. 9. 
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Weizenbaum's Fortran implementation of SLIP is comprised ofa 
set of Fortran subprograms which are designed to be machine independ- 
ent and a set of primitive assembly language subprograms. These 
PMenivina chine dependent routines provide the interface between SLIP 
and the computer on which it is to be utilized. The primitive routines 
define the data cell, establish and retrieve the contents of the data 
cells and provide the recursive capability required by the Fortran 
subprograms. 

The implementation of SLIP on the XDS-9300 involved primarily 
the creating of the primitive routines. First, however, a decision on 
the size of the data cells was required. On machines with 36 or 48 
bit words, two words per data cell were sufficient. The xDS-9300 
has a word size of 24 bits and requires 15 bits for maximum address- 
ieee il Was decided therefore to allocate four machine words per 
data cell. This provides room for a 3 bit ID field, and two 21 bit 
pointer fields (LNKL and LNKR) in the first two words. The remain- 
ing 3 bit field is unused. The reason for the extra 6 bits per pointer 
is discussed below. The remaining two words comprise the DATUM 
ijerde@iuhe cell. since two words are required on the 9300 for floating 
point representation, a two word DATUM had the additional benefit of 
allowing the storage of floating point data. 

PDS HOR TRAN 1VY provides the eee with the option to intermix 
Fortran and assembly language (XDS SYMBOL) statements. This 


technique was used in writing the primitives. The coding of the 
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branching and parameter passing was left to the Fortran compiler anc 
only those instructions necessarily on the pecersbly. language level 
mere SO specified. 

One problem peculiar to the 9300 was discovered in the routines 
written by Weizenbaum. Many function and variable names were 
implicitly of integer type. On the majority of machines this would 
Cause no difficulty because assignment of values to those functions and 
feeeia bles 1s On the primitive level and hence no type incompatibilities 
or data conversions occur. The XDS-9300 allocates only one word of 
peetaec tor inteper type variables, therefore, for example, the NAME 
Mimeerineg could not be returned by a function called LIST. The solution 
to this naming difficulty required that alj function and variable names 
which were assigned the values of data items be changed to real valued 
type. Other than this modification little was required in the way of 
changes to the non-primitive routines. 

Once the implimentation was complete and tested, ways to min- 
imize the main Picemonvercaquirements of Presid ent SLIP BOUtMes were 
Se toimcewe we Iiiielemmented on the XDS-9300, SLIP consisted of 102 
Subpre@erams (Or approximately thirteen hundred Fortran and SYMBOL 
a oTeimMentcy mee yeplacing tie oP subprograms in the system Primary 
PibretysOnhy those required by the user's program will be core res- 
ident at execution time. In most instances a considerable saving of 


PVemiOnysiseaculeycasoyvecr the alternative of making all of the routines 
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resident at execution time. If the user's program is so constructed 
as to take advantage of the XDS Monitor's overlay package further 
economies in storage can be gained. 

ort intima lemiented sill required the user to define the 
amount of core available to the SLIP structure. Cells were allocated 
from this space and the program terminated when the allocated space 
Was exhausted. Only a relatively small percentage of 9300 core is 
required by the resident routines of the Monitor and the AGT-10 inter-~- 
face leaving the bulk of the 32K main memory available to the mee 
It would require a large user program and model to exhaust the 
melmaining core, particularly in view of the excellent system overlay 
features. 

Anticipating the future development of software packages to further 
support the use of the 9300 as a CAD system, it was decided that an 
overlay capability for the SLIP structure would be advantageous. 
imcsoverlay (Or paging) of the SLIP structure would offer a present 
benefit of allowing the building of very large models should the need 
arise. 

SLIP was found to lend itself readily to paging. Since originally 
SLIP was restricted to a fixed sized structure space with an available 
storage list for that space, it was a logical extension to conceptualize 
that structure space as one of an arbitrary number of pages, each 
with its unique available storage list. It was desired to maintain the 


pages on the system drum ina random access file. Unfortunately the 
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the random access Monitor routines have only recently been made 
available by XDS Corporation and have not yet been received. The 
use of sequential files was the only alternative and so the pages were 
eeored On the drum in that manner. 

The use of sequential files for paging has some rather serious 
disadvantages. Two sequential files must be maintained because 
when a page swap occurs the page presently in core must be re-written 
mooeric tile at it has been modified. Sequential files as a rule must be 
mewrittem in their entirety, hence each time a page is paged out all the 
peges in the file must be copicd back into the file. This requires the 
standard "Old Master-New Master" file scheme. In this method each 
Hume an update to the file is required, the pages are read from the 
"Old Master'' and copied onto the ''New Master" until the page to be 
Mmedatedsicsteached, The update 1s then made from core, and the "Old 
feiorer saavanecad One record. The remainder of the ''New Master” 
Pmmweitem as betore. In the next update operation the ''New Master" 
becomes the "Old Master'’ and the process is repeated. This is 
Gay tous y notile most efficient usage of a random access device. 

Sequential file operations on the 9300 are device independent so 
that paging can be done alternatively on magnetic tape merely by 
changing a control card. In some circumstances it might be 
Tovomdgie@usiO Have, in effect, permanent storage of the model 


PeawMerechan re-creating 1t Gach time it is required. 
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Paging was incorporated into SLIP by taking advantage of the 
ease in which major changes in SLIP may be eompliehed Dyeimodii i. 
eamoen of the primitive routines. The LNKL and LNKR fields were 
increased to accommodate an additional high order 6 bits. These bits 
indicate the page number of the page which contains the data cell 
specified by the low order 15 bits. Each pointer then still references 
a unique address. 

Pim@eerievals ol Gata 1l€rmis from cells are done by two primitive 
memerrons. ~§hese primitives were modified to incorporate a check for 
residency of the page containing the cell to be accessed. Should the 
page not be resident, page swapping is initiated. Ina similar fashion, 
the primitives which store data items in cells were modified to call in 
mae appropriate pape as needed. 

We vee cceatercrearcd by {he non-priniutive function which al- 
locates data cells. Originally when the available storage list was 
PaietlrCOmmes at OpTam Was terminated. in the paged form of SLIP when 
the current page becomes filled this function checks the other existing 
pages for available space. The search begins with the first page 
Shecememmancealocaves tie required cell from the first non-filled page. 
Pie ssedi comms sinapliived by the fact that the HEADER of the available 
storage list of each page is resident in core. Should all pages be 
filled a new page is careated and the cell allocation made. 

SLIP's storage management mechanisms were maintained in the 
PP eeceyercion Witeeimgile modification. As cells of a page are allocated 
or freed the available storage list for that page is updated. 
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Petey ainits paged form was found to function very in- 
Sumetently Once structures were constructed which exceeded one 
page in size the overhead associated with even the most basic of SLIP 
operations became totally unacceptable. Analysis of the problem 
revealed the source of the inefficiency. 

Petite are constructed cach ncw cell is inserted as a rule cither 
Home iinimediate right or left of the HEADER. ‘The insertion operation 
Poem requires that either the LNKR or the LNKL of the HEADER be 
Meoditied Lowpoint to the new cell. Therefore once the ring is carried 
Over Onto a new page, each insertion thereafter requires a paging 
operation to access the HEADER followed by a paging operation to 
feice tive insertion. 

A similar situation arises when retrieving information from SLIP 
atetlicews 21s previously discussed, a READER cell is required to 
advance through the structure. If the READER cell was allocated on 
Pera cidiiterent trom the one containing the ring which is to be "read'! 
the following rene occurs. Tew er R 1s accessed to obtain 
Mites polmrer tO mercell to be read". Lhe appropriate page is swapped 
in and the retrieval made. The page containing the READER is swap- 
mea back in and the pointer to the next cell to be ''read" is updated. 

It was apparent that the root of the problem was located in the 
Wrote niminatmamtine idm A DInh ora READER cell be accessed for 
virtually every SLIP operation. Should the ring extend over several 


pages or the READER be ona scparate page from the ring it was to 
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access, then the number of paging operations required became prohib- 
teely large, A very significant contributing factor was the high 
overhead associated with each paging operation, due to the sequential 
meee iiles. Slattle could be done to reduce the overhead of the paging 
@eeraiion, SO the paging scheme had to be improved. 

Poneman eand READER cells were permanently core resident, 
amporder of magnitude reduction in the number of paging operations 
mequired tO process a typical SLIP structure could be achieved. The 
desired residency of these cells was accomplished by the creation of 
meee zeto. )ieretoiore pages had been numbered starting with one 
maecevere all overlayable with only one page resident ata time. By 
flightly modifying existing routines, a page zero was defined which 
remained resident at all times. All HEADER and READER cells are 
mil@cameclirom: this page. Should pape zcro become filled, further 
allocations will be made from the next available page and a warning 
given to the SLIP user that paging efficiency has been seriously 
decraded. 

iit paceez7erormioditication achieved a marked improvement in 
fiesmematiomolmmit” ina paped cnvironment. Test programs ex- 
ercising a gencral mix of SLIP functions demonstrated a reasonable 
degree of efficiency. As in most paging schemes, ‘'worst case" 
situations will result in an excessive amount of computer time being 
devoted to I/0 associated with page swapping. Two SLIP subprograms 


Leno eee ioe cGl y are involved in the ''worst cases'' of the 
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paging scheme. RLUSTEQL examines two ring structures for equality 
mile RiosCPY creates a copy of a ring Petes. Should the page 
Pymere the second structure resides in the eace of RUESTEOL., or on 
waite tne Copy is being Constructed in the case of RLSSCOPY, be 
frerent trom the page containing the first structure then excessive 
paging results. A paging operation is then required for each data celi 
eeren structure. he programmer will probably have little call to 
use these two functions but if they should be required care should be 
taken to avoid, if possible, having the two structures on separate 
pages. Further reductions in the overhead of paging can undoubtedly 
Memmgade by Increasing the efficiency of the paging algorithms, but the 
greatest De mewenientewill be achieved by converting the page files 
from sequential to random access. The conversion is discussed in 
the following section. 

Peeteremecn provides a reasonably detailed description of the 
important SLIP subprograms. Those subprograms which were 
modified to support the paging scheme and those added for that purpose 
are discussed below in order to complete the documentation. 

INITAS, a non-primitive subroutine which established the public 
lists [Ref. 9] and originally initialized the structure space and the 
ovale storage list, was modified to create page zero. The initial- 
ization of the structure space and available storage list was delegated 
to a new subroutine named INITIAL. This routine is called each time 


a new page is created. 
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NUCELL, a non-primitive function which does all data cell alloca- 
tion, was modified to initiage paging when the current page becomes 
filled. This function originally was called with a dummy argument to 
satisfy Fortran conventions. NUCELL is now called with an actual 
parameter which causes allocation from page zero if the cell required 
is to be used as a HEADER or a READER. 

RCELL, a non-primitive function which returns freed cells to the 
available storage list, was modified so as to return the cell to the 
available storage list of the appropriate page. 

NPAGECK is a new primitive function which is called witha 
pointer as anargument. This function examines the high order 6 bits 
of the pointer and compares the page nurnber with the number of the 
current page. If they are not equal a page swap is initiated. NPAGECK 
returns the value of the low order 15 bits (1. e. the "local'' address 
within the page). 

PAGING is a new non-primitive subroutine which is called witha 
page number as an Be nents If the page number is that of an existing 
page the subroutine OLDPAGE is called. Otherwise a call is made to 
the subroutine NEWPAGE., 

OLDPAGE is a new non-primitive called with a page number as 
an argument which initiates an update of the page file (pages out the 
Current page) and reads in the page specified. 

NEWPAGE is a new non-primitive called with a page number as an 
argument which initiates an update of the page file and creates a new 


pace in core. 
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UPDATE is a new non-primitive subroutine which performs the 
Meadte Operation On the page files. ‘This routine initiates a copy of 
tne Old Master” onto the ‘New Master" until the current page is 
reached. At this point the current page is copied onto the ''New 
Master'! and the copy from the "Old Master" continued until the end 
Sitile. 

COPY is a new non-primitive subprogram which performs the 
Sopy operation specified by UPDATE. 

The paged implementation of SLIP no longer requires the user to 
peeomy the Size of the structure space. The user is required to de- 
rere on i146 control card prior to the execution of his Fortran program 
the devices to which the files "Old Master"! and "New Master" are to 
be assigned. These files have the logical device numbers of 1] and 2 
respectively. The XDS REAL TIME MONITOR manual specifies how 
assignments of logical device codes to physical devices may be made. 
Additionally the user must include in his Fortran program a CALL 
INITAS statement (without arguments) prior to.a call to any other 
SLIP subprograms. Satisfaction of the above two requirements 
provides the user with the full range of SLIP operations with little 


mete ledietcattilenon on tie Size of the models he can construct. 
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IV. CONCLUSION 


Several aspects of SLIP as implemented on the XDS-9300 are 
subject to possible modification. The size of pages are rather 
arbitrarily set at 250 data cells per page. How appropriate this page 
size will be as SLIP is used to construct the models for a wide range 
of problems is yet to be determined. A study is needed to determine 
the amount of storage required by the average model and how paging 
overhead varies with page size. The results of such a study would 
enable a page size to be established which provided the best opera- 
tional efficiency for the average model. An alternative would be to 
modify SLIP so as to allow the user to specify the page size for his 
specific application. 

Incorporation of the Monitor update which will provide the capabil- 
ity for random access files on the 9300 will greatly reduce paging 
overhead. The sequential page files of the current implementation 
require a READ anda WRITE for cach page in the file when a page is 
paged out. Each page in the file is then read until the page to be pa ged 
in is reached. Conversion to a random access page file would Trequlie 
only a single WRITE for the page out operation and a single 1S 24D! vent 
the page in operation. Additionally the duplication of files would be 


eliminated. 
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Mineseom7ersion Of oI fo accommodate a random access page 
pitscanm be accomplished ina straight forward manner, The sub- 
routines COPY and UPDATE will no longer be needed and can be 
discarded. Subroutines NEWPAGE and OLDPAGE will require 
modification. Modifications to NEWPAGE consist of removing the 
coding which accomplishes the sequential page file operations and 
replacing it with a single RAD Fortran WRITE statement (see the 
mbeemoOR DRAM TY manual) to write the current page in the file. In 
similar fashion OLDPAGE is modified to random access WRITE the 
eteent page and READ the page to be swapped in. 

A majcr modification to SLIP which would increase the storage 
Miitization eificiency Of > LIP would be the construction of varying 
Memetocdata cells. These cells which could contain an arbitrary 
number of data items would be useful for the storage of blocks of 
Zo Meaiddtawe Or eecxaraple the co-ordinates of the points required 
for the display of an electronic component could be displayed ina 
single data cell rather than as a Pineeodata cello cach containing a 
Wem ctyommeo-Ordiiates. Uhe use of variable length data cells, 
Nowever, greatly increases the complexity of the storage management 
Sree tle. 

SLIP, as implemented, appears to provide a modeling capability 
of sufficient flexibility to cope with the problems expected to be run 
Smee a= 97500 io practical limitation is placed on the size of the 


models which can be constructed and adequate main Memory is 
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available for large resident application programs. Efficiency of the 
sequential file paging scheme is reasonable except in a few situations 
previously described which can be avoided with foresight. A random 
file paging scheme should have good efficiency under all circumstances. 
The SLIP user is not required to learn a new language, and once the 
user gains familiarity with the functions of the SLIP routines he can 
fom incorporate the SLIP structure into existing programs. 

The process by which a specific data structure was Selec edeand= 
mooveimiented at a particular installation has been described. The 
factors behind the decisions made during the course of that project 
were highly machine and user dependent. A similar project at another 
installation might easily result in the implementation of a modeling 
Potente Cditercmat from the one implemented at N.P.5. Re- 
meeeess O1anctailation, the selection of a data structure for any 
MmieciWtin Sized COtiputer must involve a determination of what capabil- 
ttecware expeetca Of {he structure selected, as well as an analysis of 
the structures available and the requirements each places on user and 
Pomniiaewe inal a Cotaprotmise must be made among struciure 


Gapapility, case of use and machine resources required. 
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